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Differences in lepton number (i.e., Le − Lµ, Le − Lτ , Lµ − Lτ , or combinations thereof) are
not conserved charges in the Standard Model due to the observation of neutrino oscillations. We
compute the divergence of the corresponding currents in the case of Majorana or Dirac-type neutrinos
and show that, in the high energy limit, the vector interactions map onto those of a light scalar
coupled to neutrinos with its coupling fixed by the observed neutrino masses and mixing. This leads
to amplitudes with external light vectors that scale inversely with the vector mass. By studying
these processes, we set new constraints on Li − Lj through a combination of semi-leptonic meson
decays, invisible neutrino decays, neutrinoless double beta decays, and observations of Big Bang
Nucleosynthesis/supernova, which can be much stronger than previous limits for vector masses
below an eV. These bounds have important implications on the experimental prospects of detecting
Li − Lj long-range forces.
I. INTRODUCTION
Light vector bosons (Xµ) are simple, technically natu-
ral, extensions to the Standard Model of particle physics,
which can play a key role in explaining experimental
anomalies [1–7], act as a mediator to the dark sector [8–
10], or make up dark matter themselves [11–16]. If a vec-
tor mass (mX) is well below the weak scale then, depend-
ing on the type of current involved, experimental signals
have drastically different behavior as a function of mX .
For a vector coupled to the electromagnetic current (i.e.,
a kinetically mixed dark photon), then as mX → 0 it
becomes an unobservable correction to electromagnetism
resulting in all constraints deteriorating at low masses.
On the other hand, if it couples to any other conserved
current, jµ, (i.e., a current which satisfies ∂µj
µ = 0 at
the quantum level) then the constraints become mass-
independent as mX → 0. Lastly, if a vector is coupled to
a non-conserved current, there exist processes whose am-
plitudes are proportional to 1/mX , leading to constraints
that get stronger at low masses (see [17–24] for cases
where this property was previously used to set bounds
on light vectors).
The Standard Model with massless neutrinos has a set
of four linearly-independent conserved currents: 1
jEM, jB−L, jLe−Lµ , jLµ−Lτ . (1)
where jEM is the electromagnetic current, B and L are
baryon and lepton number respectively, and Li denotes
lepton number of generation, i. Once neutrino masses
are introduced the only currents which remain conserved
are electromagnetism and B−L (assuming neutrinos are
of Dirac-type); The “flavored” leptonic currents, jLi−Lj ,
cannot explain the observed neutrino masses and mix-
ing without introducing a small breaking, typically as-
sumed to be from integrating out some scalar(s) and
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1 jLe−Lτ is a linear combination of jLe−Lτ and jLµ−Lτ .
right-handed neutrinos [25–28]. 2 While the inevitable
breaking has negligible impact when mX >∼ eV, it can
have dramatic effects at lower masses, in the form of
enhanced production of the vector’s longitudinal mode.
Our goal is to explore these effects.
Since the symmetry is broken by the observed neutrino
masses and mixing it will lead to amplitudes proportional
to (gXmν/mX), and hence most prominent at low mX .
As we will show, a combination of constraints from semi-
leptonic meson decays (K± → `±νX, pi± → `±νX),
lepton-flavor violating processes (νi → νjX, X-emitting
neutrinoless double beta decays), and neutrino annihi-
lations (changing ∆Neff/supernova), result in important
bounds on the Li − Lj parameter space. To keep the
discussion general we do not specify a particular mass
mechanism for the neutrinos. While this has the draw-
back that processes may develop sensitivity to the UV,
most do not, and we focus on bounds that are robust.
Aside from the constraints we present here, the best
constraints on gauged Li−Lj depend strongly on whether
the difference in lepton number includes electron num-
ber. For vectors coupled to jLe−Lµ and jLe−Lτ with
mX <∼ O(0.1 eV) the most stringent current limits are
from fifth force/EP-violation searches [29–32] and modifi-
cations to neutrino oscillations due to a long-range poten-
tial induced by the Earth, Sun, or whole galaxies [29, 33–
38], with the gauge coupling (gX) being constrained to
be weaker than gravity for mX <∼ O(10−3eV).
For Lµ − Lτ , where common matter does not induce
a long-ranged force, the dominant low mass constraints
are from dynamics of neutron star inspirals [39] as well
2 These mechanisms are generically easier to build when mX/gX >∼
100 GeV since then the vacuum expectation values of any
U(1)Li−Lj -breaking scalar can contribute evenly to all the neu-
trinos, thereby preventing any of the lepton mixing angles from
being too small. However, we do not take this as a bound as
one can always evade this theoretical challenge by introducing
multiple scalar fields.
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2as from pulsar binaries [39, 40]. For mX >∼ 10−11 eV (the
inverse size of a neutron star) these bounds do not apply
and the most stringent bounds are from (non-enhanced)
neutrino annihilations to vectors increasing ∆Neff . If
the universe reheated above the muon mass after in-
flation and there were no additional entropy dumps af-
ter muons froze-out, then the best constraints are from
muon annihilations to vectors µ+µ → γX constraining
gX <∼ 4 × 10−9 [41] (see [42, 43] for earlier work). Oth-
erwise, the strongest limits are due to neutrino annihila-
tions constraining gX <∼ 5 × 10−6 [44]. We will consider
the same process but focusing on the enhanced contribu-
tions in section VI. For light bosons there are additional
constraints from the observation of near-extremal black
holes and the null observation of superradiance [45, 46].
While we include these, they could change dramatically
if the scalar field used to provide to break U(1)Li−Lj is
light enough to induce self-interactions within the super-
radiance cloud [46].
The constraints presented here, dramatically shape the
low mass Li − Lj parameter space. In particular, for
Le − Lµ and Le − Lτ the enhanced processes are the
strongest bounds for mX <∼ 10−22−10−17 eV, depending
the theory assumptions. For Lµ−Lτ the new constraints
can be the strongest for all mX <∼ 100 eV or for eV <∼
mX <∼ 10−10 eV and mX <∼ 10−15 eV, depending on the
theory assumptions.
The paper is organized as follows. In section II we
compute the divergence of Li − Lj current and study
the correspondence between Li − Lj vectors and light
scalars. We use these to compute constraints from semi-
leptonic meson decays in section III, neutrino decays in
section IV, neutrinoless double beta decays in section V,
and neutrino annihilations prior to Big Bang Nucleosyn-
thesis and inside supernova in section VI. We conclude
by discussing the implications of these new bounds fo-
cusing on the prospects of seeing deviations to neutrino
oscillations from long-range forces in section VII.
II. Li − Lj AND NON-CONSERVED CURRENTS
We begin by summarizing gauged Li − Lj models,
with an emphasis on the parts relevant for non-conserved
currents. The coupling of Xµ to the Standard Model
fermions is given in terms of two-component Weyl spinors
by, 3
LX = gXXµQˆii
(
ˆ`†
i σ¯µ
ˆ`
i − ˆ`c†i σ¯µ ˆ`ci + νˆ†i σ¯µνˆi
)
, (2)
where we denote right-handed fields using a c and write
all quantities in the flavor basis withˆ . The U(1)Li−Lj
charge matrix, Qˆij depends on the particular flavor
3 We follow the conventions of two-component spinors laid out
in [47].
symmetry and is = diag(1,−1, 0), diag(1, 0,−1), or
diag(0, 1,−1) for Le − Lµ, Le − Lτ , or Lµ − Lτ respec-
tively. In addition, there may be couplings of right-
handed neutrinos to X, XµQˆciiνˆ
c†
i σ¯µνˆ
c
i , with an a priori
unknown charge matrix, Qˆci , which only needs to sat-
isfy the anomaly cancellation condition, TrQˆc 3 = 0. We
discuss the implications of the right-handed neutrino-X
interaction in some detail below.
Imposing one of the lepton flavor symmetries, while as-
suming the U(1)X -breaking sector does not contribute to
the lepton masses, prevents mixing in the charged lepton
sector (i.e., ˆ`i = `i) and hence the observed lepton mix-
ing which makes up the PontecorvoMakiNakagawaSakata
(PMNS) matrix, U , arises entirely from the neutrino mix-
ing matrix (i.e., νˆi = Uijνj). As such, performing a ro-
tation to the mass basis,
LX = gXXµ
(
Qˆii`
†
i σ¯µ`i − Qˆii`c†i σ¯µ`ci + (U†QˆU)ijν†i σ¯µνj
)
,
(3)
changes the form of the coupling to neutrinos but leaves
the charged lepton interaction diagonal. The neutrino
mass term depends on whether neutrinos are Majorana
(M) or Dirac (D), 4
− Lmass =
{
1
2mˆij νˆiνˆj (M)
mˆij νˆ
c
i νˆj (D)
+ h.c. , (4)
In either case imposing Li − Lj cannot reproduce the
PMNS matrix. This is simple to see if neutrinos are
Majorana since Li − Lj would restrict mˆij from having
any mixing between one of the flavors from the other two
and hence cannot possibly reproduce nonzero values for
all three 3 mixing angles.
If neutrinos are Dirac then the situation is more subtle.
Upon diagonalization the mass term is given by,
− Lmass = (V †mU)ij νˆci νˆj + h.c. , (5)
where V is the right-hand neutrino rotation matrix nec-
essary to diagonalize mˆij such that V
†mˆU = m ≡
diag(m1,m2,m3). V is undetermined until a choice is
made for the charges of the right-handed neutrinos, Qˆci .
However, even allowing for arbitrary right-handed neu-
trino charges, the observed masses and mixing violate
Li −Lj symmetry. To see this explicitly consider the ef-
fect of a Li − Lj rotation on the neutrino mass masses.
In order for the term to be Li − Lj invariant we require
Qˆc TV †mUQˆ = V †mU , (6)
⇒ (V Qˆc TV †)mUQˆ = mU . (7)
4 The case of pseudo-Dirac neutrinos will be somewhere in-between
the two possibilities studied here.
3For an arbitrary matrix, V Qˆc TV †, this equation has no
solution since the form of Qˆ requires the left-hand side
to have a vanishing column while mU has been measured
to be entirely non-vanishing. We conclude that the ob-
served neutrino masses and their mixing always break
U(1)Li−Lj .
The consequence of this breaking can be seen by com-
puting the divergence of the current and we carry this
out in detail in appendix A. The result is,
∂µj
µ
Li−Lj = i
{
Qˆamˆabνˆaνˆb (M)[
Qˆbmˆab + Qˆ
c
amˆab
]
νˆcaνˆb (D)
+ h.c. ,
(8)
or in terms of the mass eigenstates,
∂µj
µ
Li−Lj = i
{
Qabmbνaνb (M)
[Qabma +Q
c
abmb] ν
c
aνb (D)
+h.c. , (9)
where we have introduced some convenient notation to
eliminate extra Us when possible: Q ≡ UT QˆU (Majo-
rana) or Q ≡ U†QˆU (Dirac) and m1,2,3 are the neutrino
masses in ascending order. 5We will use Q or Qˆ depend-
ing on which is more convenient.
In the Majorana case, the divergence is manifestly
nonzero if Qij and mi are nonzero, while for the Dirac
case one can show that there is no choice of Qcij that
allows the Dirac term to vanish, which is simply a re-
statement of the above observation that the presence of
neutrino masses and mixing inevitably breaks the Li−Lj
symmetry. For all processes studied in this work, a right-
handed neutrino coupling to X would only add to the
rates at leading order in the neutrino mass (which will
be an expansion parameter). To be conservative we sim-
ply set Qc = 0 throughout but note that if the right-
handed neutrinos are charged under U(1)Li−Lj , it would
strengthen our prospective bounds.
The impact of this term becomes clear employing Gold-
stone boson equivalence theorem (GBET), which states
that, in the high energy limit (energy of X much larger
than its mass), we can compute amplitudes of Xµ em-
ploying the replacement, Xµ → gX i∂µϕX/mX , and com-
puting the amplitudes for a scalar ϕX instead (see ap-
pendix A for more details). The ϕX interactions, in the
mass basis, are then governed by,
LX = XµjµLi−Lj ,
→ igXQabma
mX
ϕX
{
νaνb (M)
νcaνb (D)
+ h.c. . (10)
5 When explicit numbers are necessary, we will take the best fit
numbers from [48] for a normal ordered hierarchy such that m3 '√
∆m2atm ' 0.05eV, m2 '
√
∆m2sol ' 0.087eV, m1 ' 0 though
none of our observables are particularly sensitive to m1 or the
neutrino hierarchy.
To obtain this expression we have integrated by parts to
replace ∂µj
µ
Li−Lj using (8), setting Q
c → 0. For boosted
external Xµ, this results in amplitudes proportional to
gXmν/mX . These will always be parametrically the most
important processes as mX → 0. We see that, at high
energies Li −Lj vectors are effectively Majorons [49] for
Majorana neutrinos and neutrino-philic scalars for Dirac
neutrinos. Of course one is always free to either use
the Goldstone boson expression, (10) or the vector La-
grangian, (3) (though this correspondence breaks down
when Xµ is virtual).
Any UV complete model will contribute new sources
to the right-hand side of 8 or 9 through the field(s)
that spontaneously break the symmetry and adding these
could change our results. In particular since we can be in
the regime where mX/gX ∼ eV, it is likely other degrees
of freedom can be produced on-shell in processes closely
related to the ones studied here. While this would add
to the rates, these are more model-dependent and we do
not include them. Furthermore, using these additional
degrees of freedom to eliminate the processes computed
here would likely introduce an enormous fine-tuning and
would be challenging given the multitude of possible sig-
nals.
Lastly, we comment on the minimal requirement for
theories with a non-conserved current - ensuring unitar-
ity; If gX/mX is too large, then in any diagram with
neutrinos, we can add an additional external X and in-
crease the amplitude, leading to a breakdown of unitarity.
Since a gX/mX -enhancement will always cost a power of
a neutrino mass, the unitarity condition is,
gX
mX
<∼
4pi
mν
. (11)
The factor of 4pi arises from the phase space cost of
adding in an extra particle. The unitarity bound ap-
plies equally to both Majorana and Dirac neutrinos and
is robust against the details of the UV completion (up to
O(1) corrections). We will impose this throughout as an
orange region in our constraint plots.
III. MESON DECAYS (P± → `±b νaX)
As our first enhanced process we study semi-leptonic
meson decays, P± → `±b νaX (P = B,D,K, pi). This
process is depicted in the Goldstone picture in Fig. 1
(top-left), where the scalar is radiated off the neutrino
leg. In the vector picture there are two diagrams that
one must add together, and a delicate cancellation takes
place for the longitudinal mode leaving only the piece
proportional to mνgX/mX . This process was previously
considered in [50] to probe Li−Lj however they did not
include the important enhanced contribution for small
mX . Energy-enhanced semi-leptonic decays to `νX were
discussed for parity violating muon couplings [18] and
for vectors coupled only to neutrinos [19, 51, 52]. Such
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FIG. 1. Different processes used to constrain Li − Lj vectors with diagrams shown as computed in the Goldstone boson
equivalent theories. We show semi-leptonic meson decay (top-left), neutrino decay (bottom-left), neutrinoless double beta
decays (top-right), and neutrino annihilations (bottom-right). Black dots indicate the Li − Lj Goldstone boson emission
point. For neutrinoless double beta decay, the internal neutrinos are in the flavor basis as emphasized by theˆ.
vectors are coupled to currents whose divergence is pro-
portional to the lepton masses and hence have amplitudes
that grow as ∝ m`/mX .
The decay rate is different in the case of Majorana and
Dirac neutrinos and we compute both. The final result
is,
ΓP−→`−b νaX =
MP
256pi3
∫ 1−α2
0
dx1
∫ 1−α2/(1−x1)
1−α2−x1
dx2|M|2 ,
(12)
where phase space integral is given in term of the energy
fractions x1 ≡ 2EX/MP , x2 ≡ 2Eνa/MP , and we defined
α ≡M`/MP , the ratio of the lepton to meson mass, and
neglected the Xµ and external neutrino masses. The
spin-averaged square of the matrix element for Majorana
(top line) and Dirac (bottom line) neutrinos is,
|M|2 =
∣∣∣∣ g2fP2m2W VCKM gXmX
∣∣∣∣2M2P I(x1, x2) ,
×
{ |∑iQaiUbi(ma +mi)|2∣∣∣QˆbbUbama∣∣∣2 . (13)
VCKM is the CKM matrix element on the hadronic side
( = 1 for pion decay, the sine of the Cabibo angle for
Kaon decay, etc.), and fP+ is the meson factor (fpi '
130.2 ± 0.8 MeV [53], fK ' 155.7 ± 0.3 MeV [53], etc.),
g ' 0.6 is the weak coupling, mW is the W boson mass.
The dimensionless function, I(x1, x2), is given by,
I(x1, x2) =
2P · pbP · k −M2P pb · k
k · paM2P
, (14)
=
1 + x21 + x1x2 − 2x1 − x2 − α2
1− x1 − x2 − α2 , (15)
where the momenta are defined in Fig. 1 (top-left). The
phase space integral has an IR divergence when the in-
ternal neutrino goes on-shell, a feature emphasized and
treated carefully in [54]. This arises from loop correc-
tions of Xµ to the neutrino mass. The sensitivity to this
divergence is mild and can be regulated by introducing a
small mass for the internal neutrino and we employ this
strategy here.
There are many experiments that looked for semi-
leptonic charged meson decays. Due to the number of
events, the best constraints arise from pion and kaon de-
cays and we focus on those. Decays to electrons have
a significant advantage as an additional vector can lift
the usual 2-body helicity suppression, reducing the back-
ground rates. For rare pion decays a dedicated search for
pi± → e±ν(X → inv) was performed in [55] constraining
the branching ratio to <∼ 4 × 10−6, which we approxi-
mate as our limit. In addition, we note that the recent
PIENU experiment has about ∼ 103 times as many pi-
ons and could likely significantly improve this limit as
was recently done for heavy neutrino searches in pion de-
cays [56, 57]. No analogous search exists for pi± → µ±νX
though, given its additional experimental challenges, it is
not likely to significantly improve the limits.
There are no dedicated searches for K± → e±νX or
K± → µ±νX however E949 looked forK± → µ±ννν [58]
5constraining the branching ratio to <∼ 2.4 × 10−6 (im-
proving on a limit set in [59]). Since the neutrino and
X channels share a similar final state, we use this limit
to approximate our bound. We note that the constraints
may be able to be improved by searching for the electron
channel due to reduced Standard Model backgrounds.
The limits are depicted in the case of Majorana neu-
trinos for Lµ − Lτ and Le − Lµ in Figs. 2 and 3.
Given their qualitative similarity we reserve the rest of
the cases to appendix B. We see that both these con-
straints are a powerful bound on the parameter space.
Furthermore, they are insensitive to the UV completion,
do not make any assumptions about cosmology, and ap-
ply to both Majorana and Dirac neutrinos. This robust-
ness against the modifications of the model makes this
channel important in searching for light Li −Lj vectors.
IV. NEUTRINO DECAYS (νa → νbX)
Gauging Li − Lj induces (neutrino mass-suppressed)
lepton-number violating processes. The simplest possi-
bilities are invisible neutrino decays, as depicted in Fig. 1
(bottom-left), where a heavier neutrino decays into a
lighter neutrino, emitting off a Li−Lj vector. In principle
its possible to look for visible neutrino decays instead of
invisible decays through the neutrino magnetic moment,
νa → X(ν∗b → νbγ). While the bounds on such decays
are much more stringent, with searches looking for spec-
tral distortions in the Cosmic Microwave Background
(CMB) constraining lifetimes reaching O(1020sec) [60],
the insertion of a magnetic moment suppresses the rate
relative to the invisible decay by a parametric factor of
∼ (mν/mW )4 which is too large a suppression to be rel-
evant for us here and we focus on invisible decays.
The νa → νbX decay rate into the longitudinal mode
is,
Γa→bX =
1
16pima
|M|2λ
1/2(m2a,m
2
b ,mX)
m2a
, (16)
where λ(α, β, γ) ≡ α2 + β2 + γ2 − 2(αβ + βγ + αγ).
The spin-averaged matrix element squared has a mild
dependence on whether neutrinos are Majorana (top line)
or Dirac (bottom line):
|M|2 = g
2
X
m2X
 (m
2
a −m2b)2ReQ2ab + (ma +mb)4ImQ2ab
1
2 |Qab|2 (m2a −m2b)2
,
(17)
where ReQab and ImQab denote the real and imaginary
parts of Qab. In the limit the PMNS matrix is real, the
rates differ by a factor of 2.
The strongest constraint on invisible neutrino decays
come from cosmology. If neutrinos are present during re-
combination then their decay, in combination with sub-
sequent coalescence with X, can prevent free-streaming
from efficiently wiping out structure at small enough-` in
Cosmic Microwave Background [61, 62]. A recent study
using Planck 2018 data [63] set a bound on the lifetime,
Γ−1a→bX >∼ 1.3× 109 sec
( ma
0.05 eV
)3
. (18)
These are the strongest limits on Li − Lj through en-
hanced processes. In addition, the cosmological bound
could be drastically improved with the observation of
a nonzero neutrino mass sum [64–66]. A null result
would improve the robustness of the cosmological bound
and resultantly significantly change the allowed parame-
ter space making cosmological neutrino lifetime measure-
ments the most promising avenue to discover ultra light
Li − Lj vectors.
While significant, the present constraints assume neu-
trinos are around during recombination, which need not
be the case if additional decay or annihilation channels
were active after Big Bang Nucleosynthesis producing
other purely free-streaming sources of radiation [67]. Al-
ternatively, one could consider cases where the neutrino
masses vary in the late universe [68], rendering them sta-
ble during recombination. While perverse, these options
reflect a clear model-dependency in the constraints and
hence we also include constraints on the neutrino life-
time from terrestrial experiments. The strongest such
bound is from studying the flavor composition of solar
neutrinos [69]. Observations of the Sudbury Neutrino
Observatory in combination of other solar neutrino ex-
periments [70], constrain the lifetime of the second neu-
trino mass eigenstate,
Γ−1ν2→ν1X
>∼ 1.04× 10−3 sec
(m2
eV
)
, (19)
while the constraint on ν3 decay is considerably
weaker [71]. The huge gap between the ability of cosmo-
logical and terrestrial bounds will be reduced by roughly
four orders of magnitude with future studies of the fla-
vor content of astrophysical neutrinos at IceCube, if as-
trophysical uncertainties can be sufficiently well under-
stood [72–74] (with even some hints at decays in current
data [75]).
We show the constraining power of these processes in
red in Fig. 2 for Lµ − Lτ and in Fig. 3 for Le − Lµ with
the cosmological bound as a dashed line and the, more
robust, terrestrial bound as a solid line.
V. 0ν2βX DECAYS
If neutrinos are Majorana-type, then Li − Lj vectors
can induce in neutrinoless double β decays. For Le −Lµ
and Le − Lτ the dominant production mode is single X
emission as shown in Fig. 1 (top-right). For Lµ−Lτ this
process is forbidden. This is easiest to see when working
in the flavor basis, where the W and X interactions are
both flavor diagonal and all the mixing is in the mass
terms. Since the X interactions are diagonal, and X does
6FIG. 2. Constraints on Lµ − Lτ for Majorana neutrinos. Previous constraints are shown in gray and are from neutron star
binaries [39], black hole superradiance [46], and ∆Neff measured through Big Bang Nucleosynthesis, with the latter depending
on whether the universe reheated above the muon mass [41] (dashed) or below [44] (solid). Enhanced constraints come from
unitarity (orange) meson decays (blue) with K → `νX being most stringent, ∆Neff measured with Big Bang Nucleosynthesis
due to enhanced neutrino annihilations (green), and neutrino decays (red). The neutrino decay bounds arise from both
terrestrial (solid) and cosmological (dashed) searches, the latter which assumes the neutrinos are present during recombination.
FIG. 3. Constraints on Le − Lµ in the case of Majorana neutrinos. In gray are previous constraints from fifth forces [29],
deviations to neutrino oscillation data [38], and black hole superradiance [46]. The enhanced constraints come from unitarity
(orange), meson decays (blue), dominated by K → `νX, neutrinoless double beta decay searches (pink), Big Bang Nucle-
osynthesis/supernova (green), and neutrino decays (red). Neutrino decay bounds depend on whether or not neutrinos are
present during recombination (dashed vs solid)
not couple to electrons for Lµ−Lτ , an additional neutrino
mass insertion is needed to induce neutrinoless double
beta process making it highly suppressed. As such, the
dominant mode for Lµ − Lτ is double-X emission.
In either case, X-induced neutrinoless double beta de-
cays are only allowed for Majorana neutrinos, where the
high energy limit matches precisely to that of a Majoron
with appropriate identification of the couplings, allowing
us to make use of dedicated Majoron studies. Searches
for neutrinoless double beta decays in association with a
7Majoron have been carried out by KamLAND-Zen [76]
and NEMO [77, 78] with the strongest limit from the
former, setting the bound on the Majoron coupling to
electron neutrinos, |gee| <∼ (0.8 − 1.6) × 10−5, depend-
ing on the nuclear matrix element. The corresponding
coupling in terms of Li − Lj parameters is,
gee ↔ gXQˆ11mˆ11
mX
(20)
(recall that the hats denote the matrices within the fla-
vor basis). The prospective sensitivity to neutrinoless
double beta decays with multiple-X emission was con-
sidered for Majorons [79] and is comparable in overall
rate sensitivity, however, since the rate is proportional
to (gXmν/mX)
4
, we do not expect these to significantly
improve the bounds given other constraints and as such
we do not include them here.
The sensitivity of 0ν2βX searches is shown in pink in
Fig. 3. As discussed above, these do not apply for Dirac
neutrinos, nor for Lµ − Lτ .
VI. NEUTRINO ANNIHILATIONS
X bosons can also be produced through neutrino anni-
hilations in a thermal bath in the early universe or dur-
ing a supernova, as depicted in Fig. 1 (bottom-right).
If both Xs are transverse then the amplitude is ∝ g2X , if
one X is transverse and the other is longitudinal, then
the amplitude is ∝ g2Xmν/mX while if both Xs are lon-
gitudinal then the diagram is ∝ g2Xm2ν/m2X . Since we
focus on the case where gX  1, the dominant contri-
bution will be from double-longitudinal emission and we
neglect the rest.
Unlike the rest of the processes discussed so far, which
can be computed in either the Goldstone boson equiva-
lent Lagrangian or using the vector Lagrangian, double-
X emission processes must be computed using the Gold-
stone boson picture to get a reasonable estimate of the
rate (without providing a UV completion for the source of
neutrino masses). The reason for this can be traced back
to additional contribution from the UV completion to
the divergence of the current in (8),(9). In a U(1)Li−Lj -
invariant model there must be a condensate coupling to
Xµ (e.g., a Li − Lj-breaking elementary scalar). Since
the condensate breaks the symmetry, it must also have
linear couplings to XµX
µ and will always contribute
to processes with double-X emission. These are cru-
cial since otherwise one may mistakenly conclude that
double-longitudinal emission amplitudes for νν → XX
scattering can scale be ∝ 1/mX , as opposed to the ex-
pected ∝ 1/m2X . This confusion does not arise if one
works in the Goldstone boson equivalent theory since
then the condensate coupling is not needed to ensure this
cancellation.
Note that a U(1)Li−Lj -breaking condensate will not
have a significant impact on single-X emission considered
above since single-X emission using additional scalars
must arise from operators with derivatives on the scalar
field(s) which can only interfere with the contributions we
computed at loop level. Aside from this somewhat tech-
nical point this highlights an important point: bounds
from neutrino annihilations have additional O(1) uncer-
tainties due to the presence of additional diagrams that
contribution at the same order. In this sense multiple-X
emission bounds are less robust, prior to choosing a UV
completion, than single-X emission bounds. Keeping this
in mind, we can still roughly estimate the bounds using
places where neutrino scattering to invisible states can
be actively measured, namely, Big Bang Nucleosynthesis
and supernova.
Since we are interested in the high energy limit, we
can again make use of the literature on Majorons and
neutrino-philic scalars. Bounds from Big Bang Nucle-
osynthesis (BBN) on Majorons were computed in [44].
Assuming flavor diagonal couplings they find the Ma-
joron coupling to must be <∼ 2 × 10−5 at low masses to
avoid disturbing the measured light element abundances.
The constraints for Li − Lj vectors will be similar with
appropriate re-weighting of the coupling. To estimate
the bounds we set this equal to ∼ gXm3/
√
3mX , where
the factor of 1/
√
3 attempts to account for the fact that
only one neutrino is interacting to first approximation
(the most massive one). We require the same bound for
Dirac neutrinos. The bounds are then shown in Fig. 2
and Fig. 3 for Lµ − Lτ and Le − Lµ respectively.
Supernova cooling bounds using supernova 1987A were
computed for Majorons in the massless case [80], con-
straining Majoron couplings to the level of O(10−6).
These could slightly strengthen the bounds from BBN,
however are sensitive to the assumption on the inner tem-
perature and could potentially be irrelevant if there was
no proto-neutron star present after the supernova at all
[81]. Since these do not improve the bounds significantly,
we do not include these but note that a supernova in our
galaxy or improvements in supernova simulations would
improve upon the annihilation bounds.
There are a few other scattering processes one may con-
sider. Charged lepton annihilations can proceed through
`` → XX and `` → Xγ however these will not be en-
hanced at tree level. In addition, neutrinos scattering
off leptons or quarks through virtual electroweak boson
exchange and radiating off a single X can result in en-
hanced processes. These will be efficient in a thermal
bath at high enough temperatures, however, any limits
set to this way will be inherently sensitive to the physics
prior to BBN and will not be a robust bound on the
parameter space. Alternatively, one could try to use
neutrino-nucleus or neutrino-electron scattering experi-
ments, however these experiments do not have the sensi-
tivity necessary to probe the parameter space considered
here.
8VII. DISCUSSION
In this work we presented new constraints on Li − Lj
using the non-conserved nature of the currents. These
bounds get stronger for smaller vector masses, making
them particularly relevant for searches for long-range
forces associated with gauging differences in lepton num-
ber. In particular, with current data we find that for
Le−Lµ or Le−Lτ , the new limits are now the strongest
for mX <∼ 10−18eV with a traditional cosmology or mX <∼
10−24eV with a modified cosmology to evade CMB limits
on the neutrino lifetime. For Lµ−Lτ , where searches for
long-range forces are less constraining, we find the new
limits are the most important bounds on the parameter
space for mX <∼ 10−2eV with a traditional cosmology or
for a modified cosmology: 10−10eV <∼ mX <∼ 10−2eV in
conjunction with mX <∼ 10−18eV.
In either case our results have profound implications on
the prospects of detecting Li−Lj vectors using neutrino
oscillation searches. For gauged Le −Lµ or Le −Lτ , the
bounds are no longer the strongest to arbitrarily small
masses and observing such long-range forces on galac-
tic scales [38] is not possible. Interestingly, if a mea-
surement of the neutrino lifetime improves to cosmo-
logical scales (e.g., if a non-vanishing sum of neutrino
mass is detected), the new bound could make it impos-
sible to see deviations to neutrino oscillations even from
the Earth/Sun. This would require a measurement of
τνa→νbX >∼ 108 year, within the reach possible with the
upcoming Euclid Satellite in combination with Planck
data [66].
In addition, there have been proposals to probe gauged
Lµ − Lτ with a mass-mixing of the vector with the
Z boson (i.e., introducing a term εZm
2
ZXµZ
µ), and
again looking for deviations to neutrino oscillations
patterns constraining the product, εZgX <∼ O(10−51)
for mX <∼ 10−15eV [82, 83]. Combining previously
studied bounds on the mass-mixing parameter, εZ <∼
10−30(mX/10−15eV) [23] with CMB bounds on neutrino
lifetime from this work, gX <∼ 10−24(mX/10−15eV), we
find searching for mass-mixed Lµ − Lτ is no longer vi-
able. Relaxing the CMB bounds allows a small window
for masses above the neutron star binary bounds.
We conclude by commenting on other prospective en-
hanced signals, which do not turn out to be effective at
looking for Li − Lj vectors. Firstly, one can look for
lepton-number violating processes such as charged cur-
rent decays at one-loop through neutrino mass inser-
tions. For Dirac neutrinos, the chiral structure of the
electroweak interactions forbid any contributions to the
amplitude at order O(ma) leading to a suppression by
an additional power of ma/mW , rendering the decays
unobservable. This suppression turns out to be present
also for Majorana neutrinos. This is easiest to see in the
Goldstone picture for X. In this case, the only diagram
that can contribute to `a → `bX is from radiating off ϕX
from an internal neutrino leg. The chirality structure of
the neutrinos and the weak interaction then requires an
additional neutrino mass insertion for the process to take
place. This suppression is significant enough to make this
process uninteresting for our purposes. Alternatively,
double-ϕX emission can take place however this is both
phase space and double-neutrino mass suppressed mak-
ing it a challenging way to discover Li−Lj forces. Lastly,
one can look for enhanced W → `νX decays as studied
in [20]. The W branching ratios are known to O(0.1%).
When combined with the phase space penalty for pro-
ducing a 3 body final state, this channel is not effective
for looking for Li − Lj vectors relative to other signals.
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Appendix A: Goldstone boson equivalence
In this section we prove that the following replacement
rule for external Xµ:
LX ≡ Xµjµ → gXϕX
mX
(−i∂µjµ)→ gXϕX
mX
mˆijQˆiνˆiνˆj .
(A1)
The switch from Xµ to its Goldstone mode ϕX follows
from Goldstone boson equivalence theorem and we take it
as a given. Our goal is then to prove that the divergence
of the current can be replaced with the mass term, even
when the fermions are off-shell. The derivation is in close
analogy with that of the Schwinger-Dyson equations.
Consider a general correlation function,
Z =
∫
D · · · (ψ1ψ2 · · · )eiS(X,νˆ,ˆ`) , (A2)
where S contains the kinetic and mass terms for the
fermionic and X fields as well as the source term∫
d4yjµ(y)X
µ(y). We use the shorthands, D · · · ≡
DXDνD` and ψi = νˆi(xi), ˆ`i(xi), or X(xi). Consider
an infinitesimal field redefinition corresponding to a lo-
cal U(1)Li−Lj rotation,
νˆi → (1 + iQˆiα(x))νˆi , (A3)
ˆ`
i → (1 + iQˆiα(x))ˆ`i (A4)
(leaving the vectors untouched). This field redefinition
leaves the measure is unchanged since Li − Lj transfor-
mations are anomaly free. Working in the flavor basis, its
clear that the only terms in the action that are changed
9are the mass and interaction terms, i.e.,
δS =
∫
d4y − ∂µα(y)jµ(y)− imˆijQˆiνˆi(y)νˆj(y) + h.c. .
(A5)
We take the neutrinos to be Majorana form here, though
a similar equation will hold for Dirac neutrinos.
In terms of these rotated fields, Z takes the form,
Z =
∫
D · · · eiS+iδS(1 + Qˆψ1αa)ψ1(1 + Qˆψ2αa)ψ2 · · · .
(A6)
Expanding the exponential and rearranging,
δZ =
∫
D · · · eiS(ψ1ψ2 · · · )
∫
d4y
(
∂µj
µ − imˆijQˆiνˆiνˆj
+ (Qˆψ1δ(y − x1) + Qˆψ2δ(y − x2)) + · · ·
)
α(y) .
(A7)
Since α is arbitrary this should hold for any α allowing
us to drop the integral. Furthermore, since a correlation
function should be invariant under a field redefinition,
δZ = 0, and we have,
0 =
∫
D · · · eiS(ψ1ψ2 · · · )
(
∂µj
µ(x)− imˆijQˆiνˆi(x)νˆj(x)
+ (Qˆψ1δ(x− x1) + Qˆψ2δ(x− x2)) + · · ·
)
. (A8)
We conclude that,
− i 〈Ω|T∂µjµ(x)ψ1ψ2 · · · |Ω〉 =
mˆijQˆi 〈Ω|T νˆiνˆj(x)ψ1ψ2 · · · |Ω〉+ h.c.
(
+
contact
terms
)
.
(A9)
This proves the replacement rule (A1). A similar deriva-
tion applies for the case of Dirac neutrinos, giving
− i 〈Ω|T [∂µjµ(x)ψ1ψ2 · · · ] |Ω〉 =
(mˆijQˆj + mˆijQˆ
c
i ) 〈Ω|T [νˆiνˆj(x)ψ1ψ2 · · · ] |Ω〉 , (A10)
in addition to contact terms.
Appendix B: Additional results
In the main text we only showed the constraints on
Le − Lµ and Lµ − Lτ and only for Majorana neutrinos.
For those interested in quantitative limits we provide the
limits for the other cases here. The summary of limits for
Le−Lµ, Le−Lτ , and Lµ−Lτ are shown in Fig. 4 in the
top, center, and bottom panels respectively. On the
left we present the limits for Majorana neutrinos and on
the right we present the limits for Dirac neutrinos. The
non-enhanced bounds are all shown in gray and come
a combination of fifth force/equivalence principle viola-
tion searches, cosmology, and long-range forces affecting
neutrino oscillation patterns. In orange we show the uni-
tarity bound, in blue the limits from meson decays (dom-
inated by Kaon decays for all cases except Le − Lτ for
Dirac neutrinos, where K → µνX is suppressed by ad-
ditional powers of neutrino masses), in pink neutrinoless
double beta decay search limits, in green constraints from
neutrino annihilations through observations of Big Bang
Nucleosynthesis/supernova, and in red the bounds from
neutrino decays (the cosmological bounds are dashed).
[1] S. N. Gninenko and N. V. Krasnikov, The Muon
anomalous magnetic moment and a new light gauge
boson, Phys. Lett. B513 (2001) 119, [hep-ph/0102222].
[2] Y. Kahn, M. Schmitt, and T. M. P. Tait, Enhanced rare
pion decays from a model of MeV dark matter, Phys.
Rev. D78 (2008) 115002, [arXiv:0712.0007].
[3] M. Pospelov, Secluded U(1) below the weak scale, Phys.
Rev. D80 (2009) 095002, [arXiv:0811.1030].
[4] D. Tucker-Smith and I. Yavin, Muonic hydrogen and
MeV forces, Phys. Rev. D83 (2011) 101702,
[arXiv:1011.4922].
[5] B. Batell, D. McKeen, and M. Pospelov, New
Parity-Violating Muonic Forces and the Proton Charge
Radius, Phys. Rev. Lett. 107 (2011) 011803,
[arXiv:1103.0721].
[6] J. L. Feng, B. Fornal, I. Galon, S. Gardner,
J. Smolinsky, T. M. P. Tait, and P. Tanedo, Particle
Physics Models for the 17 MeV Anomaly in Beryllium
Nuclear Decays, arXiv:1608.03591.
[7] W. Altmannshofer, M. J. Baker, S. Gori, R. Harnik,
M. Pospelov, E. Stamou, and A. Thamm, Light
resonances and the low-q2 bin of RK∗ , JHEP 03 (2018)
188, [arXiv:1711.07494].
[8] C. Boehm and P. Fayet, Scalar dark matter candidates,
Nucl. Phys. B683 (2004) 219–263, [hep-ph/0305261].
[9] M. Pospelov, A. Ritz, and M. B. Voloshin, Secluded
WIMP Dark Matter, Phys. Lett. B662 (2008) 53–61,
[arXiv:0711.4866].
[10] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer, and
N. Weiner, A Theory of Dark Matter, Phys. Rev. D79
(2009) 015014, [arXiv:0810.0713].
[11] P. Arias, D. Cadamuro, M. Goodsell, J. Jaeckel,
J. Redondo, and A. Ringwald, WISPy Cold Dark
Matter, JCAP 1206 (2012) 013, [arXiv:1201.5902].
[12] P. W. Graham, J. Mardon, and S. Rajendran, Vector
Dark Matter from Inflationary Fluctuations, Phys. Rev.
10
FIG. 4. Constraints on Li − Lj for Majorana and Dirac neutrinos. Previous constraints (gray) are from black hole super-
radiance [46], neutron star binaries [39], fifth forces/Equivalence principle tests [29], deviations to neutrino oscillations [38],
and ∆Neff measured through Big Bang Nucleosynthesis, with the latter depending on whether the universe reheated above the
muon mass [41] (dashed) or below [44] (solid). The enhanced constraints come from unitarity (orange), meson decays (blue),
dominated by K → `νX, neutrinoless double beta decay searches (pink), Big Bang Nucleosynthesis/supernova (green), and
neutrino decays (red).
D93 (2016), no. 10 103520, [arXiv:1504.02102].
[13] J. A. Dror, K. Harigaya, and V. Narayan, Parametric
Resonance Production of Ultralight Vector Dark Matter,
Phys. Rev. D 99 (2019), no. 3 035036,
[arXiv:1810.07195].
[14] M. Bastero-Gil, J. Santiago, L. Ubaldi, and
R. Vega-Morales, Vector dark matter production at the
end of inflation, JCAP 04 (2019) 015,
[arXiv:1810.07208].
[15] R. T. Co, A. Pierce, Z. Zhang, and Y. Zhao, Dark
Photon Dark Matter Produced by Axion Oscillations,
Phys. Rev. D 99 (2019), no. 7 075002,
[arXiv:1810.07196].
[16] A. J. Long and L.-T. Wang, Dark Photon Dark Matter
from a Network of Cosmic Strings, Phys. Rev. D 99
(2019), no. 6 063529, [arXiv:1901.03312].
[17] P. Fayet, Constraints on Light Dark Matter and U
bosons, from psi, Upsilon, K+, pi0, eta and eta-prime
decays, Phys. Rev. D74 (2006) 054034,
[hep-ph/0607318].
[18] V. Barger, C.-W. Chiang, W.-Y. Keung, and
D. Marfatia, Constraint on parity-violating muonic
forces, Phys. Rev. Lett. 108 (2012) 081802,
[arXiv:1109.6652].
[19] R. Laha, B. Dasgupta, and J. F. Beacom, Constraints
on New Neutrino Interactions via Light Abelian Vector
Bosons, Phys. Rev. D89 (2014), no. 9 093025,
[arXiv:1304.3460].
[20] S. G. Karshenboim, D. McKeen, and M. Pospelov,
Constraints on muon-specific dark forces, Phys. Rev.
D90 (2014), no. 7 073004, [arXiv:1401.6154].
[Addendum: Phys. Rev.D90,no.7,079905(2014)].
11
[21] J. A. Dror, R. Lasenby, and M. Pospelov, Dark forces
coupled to nonconserved currents, Phys. Rev. D96
(2017), no. 7 075036, [arXiv:1707.01503].
[22] J. A. Dror, R. Lasenby, and M. Pospelov, New
constraints on light vectors coupled to anomalous
currents, Phys. Rev. Lett. 119 (2017), no. 14 141803,
[arXiv:1705.06726].
[23] J. A. Dror, R. Lasenby, and M. Pospelov, Light vectors
coupled to bosonic currents, Phys. Rev. D99 (2019),
no. 5 055016, [arXiv:1811.00595].
[24] G. Arcadi, J. Heeck, F. Heizmann, S. Mertens, F. S.
Queiroz, W. Rodejohann, M. Slezk, and K. Valerius,
Tritium beta decay with additional emission of new light
bosons, JHEP 01 (2019) 206, [arXiv:1811.03530].
[25] E. Ma, D. P. Roy, and S. Roy, Gauged L(mu) - L(tau)
with large muon anomalous magnetic moment and the
bimaximal mixing of neutrinos, Phys. Lett. B525 (2002)
101–106, [hep-ph/0110146].
[26] S. Choubey and W. Rodejohann, A Flavor symmetry
for quasi-degenerate neutrinos: L(mu) - L(tau), Eur.
Phys. J. C40 (2005) 259–268, [hep-ph/0411190].
[27] J. Heeck and W. Rodejohann, Gauged Lµ - Lτ
Symmetry at the Electroweak Scale, Phys. Rev. D84
(2011) 075007, [arXiv:1107.5238].
[28] K. Asai, K. Hamaguchi, N. Nagata, S.-Y. Tseng, and
K. Tsumura, Minimal Gauged U(1)Lα−Lβ Models
Driven into a Corner, Phys. Rev. D99 (2019), no. 5
055029, [arXiv:1811.07571].
[29] M. B. Wise and Y. Zhang, Lepton Flavorful Fifth Force
and Depth-dependent Neutrino Matter Interactions,
JHEP 06 (2018) 053, [arXiv:1803.00591].
[30] D. J. Kapner, T. S. Cook, E. G. Adelberger, J. H.
Gundlach, B. R. Heckel, C. D. Hoyle, and H. E.
Swanson, Tests of the gravitational inverse-square law
below the dark-energy length scale, Phys. Rev. Lett. 98
(2007) 021101, [hep-ph/0611184].
[31] S. Schlamminger, K. Y. Choi, T. A. Wagner, J. H.
Gundlach, and E. G. Adelberger, Test of the equivalence
principle using a rotating torsion balance, Phys. Rev.
Lett. 100 (2008) 041101, [arXiv:0712.0607].
[32] E. J. Salumbides, W. Ubachs, and V. I. Korobov,
Bounds on fifth forces at the sub-Angstrom length scale,
J. Molec. Spectrosc. 300 (2014) 65, [arXiv:1308.1711].
[33] A. S. Joshipura and S. Mohanty, Constraints on flavor
dependent long range forces from atmospheric neutrino
observations at super-Kamiokande, Phys. Lett. B584
(2004) 103–108, [hep-ph/0310210].
[34] J. A. Grifols and E. Masso, Neutrino oscillations in the
sun probe long range leptonic forces, Phys. Lett. B579
(2004) 123–126, [hep-ph/0311141].
[35] A. Bandyopadhyay, A. Dighe, and A. S. Joshipura,
Constraints on flavor-dependent long range forces from
solar neutrinos and KamLAND, Phys. Rev. D75 (2007)
093005, [hep-ph/0610263].
[36] M. C. Gonzalez-Garcia, P. C. de Holanda, E. Masso,
and R. Zukanovich Funchal, Probing long-range leptonic
forces with solar and reactor neutrinos, JCAP 0701
(2007) 005, [hep-ph/0609094].
[37] A. Samanta, Long-range Forces : Atmospheric Neutrino
Oscillation at a magnetized Detector, JCAP 1109
(2011) 010, [arXiv:1001.5344].
[38] M. Bustamante and S. K. Agarwalla, Universe’s Worth
of Electrons to Probe Long-Range Interactions of
High-Energy Astrophysical Neutrinos, Phys. Rev. Lett.
122 (2019), no. 6 061103, [arXiv:1808.02042].
[39] J. A. Dror, R. Laha, and T. Opferkuch, Probing Muonic
Forces with Neutron Stars Binaries, arXiv:1909.12845.
[40] T. Kumar Poddar, S. Mohanty, and S. Jana, Vector
gauge boson radiation from compact binary systems in a
gauged Lµ − Lτ scenario, Phys. Rev. D100 (2019),
no. 12 123023, [arXiv:1908.09732].
[41] M. Escudero, D. Hooper, G. Krnjaic, and M. Pierre,
Cosmology with A Very Light Lµ − Lτ Gauge Boson,
JHEP 03 (2019) 071, [arXiv:1901.02010].
[42] J. Grifols and E. Masso, Leptonic photons and
nucleosynthesis, Phys. Lett. B 396 (1997) 201–202,
[astro-ph/9610205].
[43] A. Dolgov, Long range forces in the universe, Phys.
Rept. 320 (1999) 1–15.
[44] G.-y. Huang, T. Ohlsson, and S. Zhou, Observational
Constraints on Secret Neutrino Interactions from Big
Bang Nucleosynthesis, Phys. Rev. D97 (2018), no. 7
075009, [arXiv:1712.04792].
[45] A. Arvanitaki, S. Dimopoulos, S. Dubovsky,
N. Kaloper, and J. March-Russell, String Axiverse,
Phys. Rev. D81 (2010) 123530, [arXiv:0905.4720].
[46] M. Baryakhtar, R. Lasenby, and M. Teo, Black Hole
Superradiance Signatures of Ultralight Vectors, Phys.
Rev. D96 (2017), no. 3 035019, [arXiv:1704.05081].
[47] H. K. Dreiner, H. E. Haber, and S. P. Martin,
Two-component spinor techniques and Feynman rules
for quantum field theory and supersymmetry, Phys.
Rept. 494 (2010) 1–196, [arXiv:0812.1594].
[48] I. Esteban, M. C. Gonzalez-Garcia,
A. Hernandez-Cabezudo, M. Maltoni, and T. Schwetz,
Global analysis of three-flavour neutrino oscillations:
synergies and tensions in the determination of θ23, δCP ,
and the mass ordering, JHEP 01 (2019) 106,
[arXiv:1811.05487].
[49] G. B. Gelmini and M. Roncadelli, Left-Handed Neutrino
Mass Scale and Spontaneously Broken Lepton Number,
Phys. Lett. 99B (1981) 411–415.
[50] M. Ibe, W. Nakano, and M. Suzuki, Constraints on
Lµ − Lτ gauge interactions from rare kaon decay, Phys.
Rev. D95 (2017), no. 5 055022, [arXiv:1611.08460].
[51] P. Bakhti and Y. Farzan, Constraining secret gauge
interactions of neutrinos by meson decays, Phys. Rev.
D95 (2017), no. 9 095008, [arXiv:1702.04187].
[52] M. Bahraminasr, P. Bakhti, and M. Rajaee,
Sensitivities to secret neutrino interaction at FASERν,
arXiv:2003.09985.
[53] Particle Data Group Collaboration, M. Tanabashi
et al., Review of particle physics, Phys. Rev. D 98 (Aug,
2018) 030001.
[54] P. S. Pasquini and O. L. G. Peres, Bounds on
Neutrino-Scalar Yukawa Coupling, Phys. Rev. D93
(2016), no. 5 053007, [arXiv:1511.01811]. [Erratum:
Phys. Rev.D93,no.7,079902(2016)].
[55] C. E. Picciotto, S. Ahmad, D. I. Britton, D. A.
Bryman, E. T. H. Clifford, P. Kitching, Y. Kuno, J. A.
Macdonald, T. Numao, A. Olin, J.-M. Poutissou,
J. Summhammer, and M. S. Dixit, Searches for
majoron production and other processes associated with
pi→eν decay, Phys. Rev. D 37 (Mar, 1988) 1131–1133.
[56] PIENU Collaboration, A. Aguilar-Arevalo et al.,
Improved search for heavy neutrinos in the decay
pi → eν, Phys. Rev. D97 (2018), no. 7 072012,
[arXiv:1712.03275].
12
[57] PIENU Collaboration, A. Aguilar-Arevalo et al.,
Search for heavy neutrinos in pi → µν decay, Phys. Lett.
B798 (2019) 134980, [arXiv:1904.03269].
[58] E949 Collaboration, A. V. Artamonov et al., Search for
the rare decay K+ → µ+νν¯ν, Phys. Rev. D94 (2016),
no. 3 032012, [arXiv:1606.09054].
[59] C. Y. Pang, R. H. Hildebrand, G. D. Cable, and
R. Stiening, Search for rare k+ decays. i. k+ —¿ mu+
nu anti-nu nu, Phys. Rev. D8 (1973) 1989–2003.
[60] J. L. Aalberts et al., Precision constraints on radiative
neutrino decay with CMB spectral distortion, Phys. Rev.
D98 (2018) 023001, [arXiv:1803.00588].
[61] S. Hannestad, Structure formation with strongly
interacting neutrinos - Implications for the cosmological
neutrino mass bound, JCAP 0502 (2005) 011,
[astro-ph/0411475].
[62] S. Hannestad and G. Raffelt, Constraining invisible
neutrino decays with the cosmic microwave background,
Phys. Rev. D72 (2005) 103514, [hep-ph/0509278].
[63] M. Escudero and M. Fairbairn, Cosmological
Constraints on Invisible Neutrino Decays Revisited,
Phys. Rev. D100 (2019), no. 10 103531,
[arXiv:1907.05425].
[64] P. D. Serpico, Cosmological Neutrino Mass Detection:
The Best Probe of Neutrino Lifetime, Phys. Rev. Lett.
98 (2007) 171301, [astro-ph/0701699].
[65] Z. Chacko, A. Dev, P. Du, V. Poulin, and Y. Tsai,
Cosmological Limits on the Neutrino Mass and
Lifetime, arXiv:1909.05275.
[66] Z. Chacko, A. Dev, P. Du, V. Poulin, and Y. Tsai,
Determining the Neutrino Lifetime from Cosmology,
arXiv:2002.08401.
[67] J. F. Beacom, N. F. Bell, and S. Dodelson, Neutrinoless
universe, Phys. Rev. Lett. 93 (2004) 121302,
[astro-ph/0404585].
[68] P. Gu, X. Wang, and X. Zhang, Dark energy and
neutrino mass limits from baryogenesis, Phys. Rev. D68
(2003) 087301, [hep-ph/0307148].
[69] J. F. Beacom and N. F. Bell, Do Solar Neutrinos
Decay?, Phys. Rev. D65 (2002) 113009,
[hep-ph/0204111].
[70] SNO Collaboration, B. Aharmim et al., Constraints on
Neutrino Lifetime from the Sudbury Neutrino
Observatory, Phys. Rev. D99 (2019), no. 3 032013,
[arXiv:1812.01088].
[71] L. Funcke, G. Raffelt, and E. Vitagliano, Distinguishing
Dirac and Majorana neutrinos by their decays via
Nambu-Goldstone bosons in the gravitational-anomaly
model of neutrino masses, Phys. Rev. D 101 (2020),
no. 1 015025, [arXiv:1905.01264].
[72] J. F. Beacom, N. F. Bell, D. Hooper, S. Pakvasa, and
T. J. Weiler, Decay of High-Energy Astrophysical
Neutrinos, Phys. Rev. Lett. 90 (2003) 181301,
[hep-ph/0211305].
[73] G. Pagliaroli, A. Palladino, F. L. Villante, and
F. Vissani, Testing nonradiative neutrino decay
scenarios with IceCube data, Phys. Rev. D92 (2015),
no. 11 113008, [arXiv:1506.02624].
[74] M. Bustamante, J. F. Beacom, and K. Murase, Testing
decay of astrophysical neutrinos with incomplete
information, Phys. Rev. D95 (2017), no. 6 063013,
[arXiv:1610.02096].
[75] P. B. Denton and I. Tamborra, Invisible Neutrino Decay
Could Resolve IceCubes Track and Cascade Tension,
Phys. Rev. Lett. 121 (2018), no. 12 121802,
[arXiv:1805.05950].
[76] KamLAND-Zen Collaboration, A. Gando et al.,
Limits on Majoron-emitting double-beta decays of
Xe-136 in the KamLAND-Zen experiment, Phys. Rev.
C86 (2012) 021601, [arXiv:1205.6372].
[77] X. Garcia i Tormo, D. Bryman, A. Czarnecki, and
M. Dowling, Bounds on majoron emission from muon
to electron conversion experiments, Phys. Rev. D84
(2011) 113010, [arXiv:1110.2874].
[78] NEMO-3 Collaboration, R. Arnold et al., Search for
neutrinoless double-beta decay of 100Mo with the
NEMO-3 detector, Phys. Rev. D89 (2014), no. 11
111101, [arXiv:1311.5695].
[79] P. Bamert, C. P. Burgess, and R. N. Mohapatra, Multi -
Majoron modes for neutrinoless double beta decay, Nucl.
Phys. B449 (1995) 25–48, [hep-ph/9412365].
[80] Y. Farzan, Bounds on the coupling of the Majoron to
light neutrinos from supernova cooling, Phys. Rev. D67
(2003) 073015, [hep-ph/0211375].
[81] N. Bar, K. Blum, and G. D’amico, Is there a supernova
bound on axions?, arXiv:1907.05020.
[82] J. Heeck and W. Rodejohann, Gauged Lmu− Ltau and
different Muon Neutrino and Anti-Neutrino
Oscillations: MINOS and beyond, J. Phys. G38 (2011)
085005, [arXiv:1007.2655].
[83] H. Davoudiasl, H.-S. Lee, and W. J. Marciano,
Long-Range Lepton Flavor Interactions and Neutrino
Oscillations, Phys. Rev. D84 (2011) 013009,
[arXiv:1102.5352].
